General theory and models of magnetic ordering
Introduction
The phase diagrams of transition-metal oxides (TMOs) [3] and RBaCo 2 O 5+x [4] , and the lately synthesized layered cobalt oxides (LCOs, analogs of the superconducting cuprates) having a rich variety of phases although no superconductivity observed in them up to now -Sr n+1 Co n O 2n+1 Cl n (SCOC) are insulating with decreasing resistivity as the number of CoO 2 layers increases [5] ; Sr 2 Y 0.8 Ca 0.2 Co 2 O 6 is an AFM insulator [6, 7] while Sr 2 Y 0.5 Ca 0.5 Co 2 O 7 is a magnetically glassy semiconductor and exhibits a pronounced FM interaction [6, 8] ; Bi 2 A 3 Co 2 O 8+x (A=Ca,Sr) are semiconducting while the Ba analog has a metal to semiconductor transition [9] . On the other hand, this is in fundamental viewpoints mainly because of an intriguing but (in many cases) controversial issue [10] [11] [12] [13] [14] [15] [16] [17] [18] on the Co spin state which plays a vital role in the physical properties of cobalt oxides. The Co spin state relies primarily on a competition between the crystal field (CF) and Hund exchange coupling [17, 18] , and it is also affected by a pd covalent effect [10] [11] [12] , as well as external factors, e.g., varying temperature induces a complex spin state transition as observed in LaCoO 3 [11] . In addition, a few relevant issues concentrate on their electronic/magnetic structures and the closely related transport behaviors.
In this paper, by means of density functional theory (DFT) [19] calculations, both a general spin-state model and a qualitative physical picture have been set up for LCOs which have a common structural feature-a plane corrugation of the cobalt-oxygen layer. The DFT calculations show at least a tendency that as the plane corrugation decreases, the cobalt evolves from a high-spin (HS) state to an almost HS state with an increasing amount of delocalized pdσ holes having mainly the planar O 2p character. The former is responsible for a superexchange (SE) [20] coupled AFM insulating nature, while the latter gives rise to a coexistence of (and a competition between) the inherent AFM insulating behavior and the hole-mediated p-d exchange [21] FM metallicity. This picture, although seeming qualitative, consistently accounts for the rich and varying phases of LCOs as seen below, and it leads to a suggestion of a possible phase control mechanism in LCOs.
Computational Details
The above LCOs [5] [6] [7] [8] [9] each contain a basic structure block, that is the deformed CoO 5 pyramid where the Co ion moves out of the O 4 basal square and into the pyramid.
The ab-planar CoO 2 layer is formed by those corner-shared orbital couples to the ab-O p x,y ones and hence forms conduction bands wider than 3 eV, as seen in Fig. 1 It can be seen in Fig In the FM state (see Fig. 3 ), the majority-spin Co 3+ t 2g and 3z 2 -r 2 orbitals are completely occupied, and the majority-spin x 2 -y 2 orbital is nearly full-filled. While the little more half-filled minority-spin xz/yz doublet, by allowing orbital polarization, splits and forms an xz/yz orbital ordered (OO) state which is to be stabilized by a cooperative Jahn-Teller (JT) distortion as discussed below.
In this CT-type LCO, the ab-planar O 2p orbitals couple to the x 2 -y 2 one and form wide conduction bands. In particular, the majority-spin pdσ band contributes to 0. 
Discussion
The RT tetragonal structure of both Sr A ) [15, 16] . Thus it is naturally expected, according to the above calculations and discussion, that as δ increases (D decreases) the Co ion evolves from a complete HS state to an almost HS state with an increasing amount of delocalized pdσ holes. Note that this expectation is also supported by the late O-K and Co-L 2,3 XAS study [30] for Sr [32] or superconductivity of the layered Sr 2 CuO 2 F 2+δ [33] may deserve experimental investigations.
Moreover, the present picture could be employed for the 2L Bi 2 A 3 Co 2 O 8+δ (A=Ca,Sr,Ba). It can be reasonably assumed that with increasing A size, the planar oxygens move towards the apical-oxygen-deficient A layer (see Furthermore, the present spin-state model may be an alternative even for the 1L La 2−x Sr x CoO 4 containing an ideal CoO 2 plane (D=0), for which an IS state model [12] and an ordered HS-LS model [13] were previously sug- to two CT transitions at ∼ 2 eV and ∼ 3 eV for x=1.0 [35] . According to the present almost HS model, the additional structure at ∼ 2 eV is ascribed to the transition from the ab-O 2p state to the delocalized majority-spin
Co 3d x 2 -y 2 hole state. If polarized (E c) spectra are to be measured, we suggest, the structure at ∼ 2 eV will disappear according to the present model, whereas it will remain according to the ordered HS-LS model [13] where the 3z 2 -r 2 hole state, besides the x 2 -y 2 one, is also available. To some extent such a measurement can check an applicability of the present model to La 2−x Sr x CoO 4 .
Conclusions
The lately synthesized LCOs-analogs of the supercon- TbBaCo2O5.5 [18] . In addition, a varying U =4 eV leads to only a minor decrease of the Co spin moment (the insulating gap ), e.g., by 0.07 µB (0.14 eV) in Sr2CoO3Cl. The minor change does not affect the present discussion and conclusion made in the text.
26. Strongly in contrast, the octahedrally coordinated Co ion in the pseudocubic perovskite LaCoO3 sees a strong CF and takes a LS ground state [17] , while a strong pdσ hybridization stabilizes an IS state as the t2g valence electrons are thermally excited to the broad eg conduction bands with increasing temperature [11] . However, the pyramidally coordinated Co ion sees a weak CF in the LCOs and the Co 3d electrons have a decreasing pdσ hybridization both due to the apical-oxygen deficiency and the strong base corrugation.
The mechanism of forming the LS (IS) state by a strong CF (a strong pdσ hybridization) seems ineffective in the LCOs, and therefore the HS state is preferable instead.
27. There seems to be an uncertainty concerning the t2g levels in Sr2CoO3Cl due to their near degeneracy. Both the LDA calculation [ Fig. 1(a) ] and the point-charge model suggest that the xz/yz level is lower than the xy one as in Sr3Co2O5Cl2 [ Fig. 3(b) ]. Whereas the minority-spin xy orbital has a little larger occupation number (e.g.,
n=0
.57 in the LSDA-FM calculation) than the xz/yz doublet (n=0.51×2) because of a stronger pd hybridization for the former. Consequently, the xy level is lowered and becomes full-filled (Fig. 2) by the U correction with the expression like
-nmσ)U ef f . This uncertainty is to be removed provided that the t2g near degeneracy is lifted even by a weak Jahn-Teller distortion as discussed in the text. The HS-coupled AFM insulating ground state is stabilized by opening a CT gap of 1.28 eV. Fig. 2(a) ].
